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Rau has shown that ΔV nr is proportional to the natural logarithm of the quantum efficiency of emission (EQE EL ). [7] The validity of Equation (1) for OSCs has been shown previously, [11, 12] where ΔV nr typically accounts for 0.25-0.40 V of the total voltage losses (ΔV OC = E CT − V OC ). [8, [12] [13] [14] This is a much higher value than in inorganic and Perovskite solar cells, where ΔV nr ≤0.15 V. [15] [16] [17] In addition to voltage losses due to radiative and nonradiative recombination, OSCs suffer voltage losses because the photogenerated excitons on the donor (D) or acceptor (A) undergo a charge transfer to form an interfacial charge-transfer (CT) state with energy E CT . However, it has been recently shown that the energy difference between the optical gap of the donor or acceptor and the CT state (E opt − E CT ) can be minimized to less than 0.05 eV [13, 18] and even down to 0.01 eV, [6] without sacrificing efficient free charge carrier generation. Therefore, in the OSCs with the currently lowest voltage losses, nonradiative recombination is the main reason for the low V OC as compared to other PV technologies employing absorber with similar optical gaps.
In a previous study, we have shown for a whole range of solution and vacuum processed OSCs that ΔV nr correlates with E CT . This led us to the conclusion that nonradiative decay is mediated by CT state decay via electron-phonon coupling. [12] However, in the related OLED technology, the major nonradiative decay channel is mediated by the triplet excited states. [19] In OSCs, triplet states are present on both the D and A materials, and for high voltage OSCs the energy of the lowest energy The best organic solar cells (OSCs) achieve comparable peak external quantum efficiencies and fill factors as conventional photovoltaic devices. However, their voltage losses are much higher, in particular those due to nonradiative recombination. To investigate the possible role of triplet states on the donor or acceptor materials in this process, model systems comprising Zn-and Cu-phthalocyanine (Pc), as well as fluorinated versions of these donors, combined with C 60 as acceptor are studied. Fluorination allows tuning the energy level alignment between the lowest energy triplet state (T 1 ) and the charge-transfer (CT) state, while the replacement of Zn by Cu as the central metal in the Pcs leads to a largely enhanced spin-orbit coupling. Only in the latter case, a substantial influence of the triplet state on the nonradiative voltage losses is observed. In contrast, it is found that for a large series of typical OSC materials, the relative energy level alignment between T 1 and the CT state does not substantially affect nonradiative voltage losses. triplet state T 1 (E T1 ) on one or both compounds may be lower than E CT . [20] [21] [22] Moreover, Chow et al. reported that recombination via T 1 can drive a large fraction of the overall recombination in OSCs. [23] In this paper, we therefore investigate under which circumstances, low energy T 1 states affect nonradiative recombination losses and the V OC of OSCs. We study model systems comprising Zn-and Cu-phthalocyanines (ZnPc, CuPc) combined with C 60 as electron acceptor. Fluorination of the phthalocyanines (Pcs) results in an increase of the CT state energy, lifting it 0.33-0.40 eV above the T 1 state of the donor. Surprisingly, we find that, in contrast to OLEDs, T 1 is not the main responsible for the dominating nonradiative decay in typical OSCs. We gene ralize this finding by studying a substantial amount of OSCs. Only in the case of a large coupling of T 1 to the ground state, introduced for example by the presence of Cu, nonradiative decay via T 1 significantly contributes to the voltage losses.
To investigate the impact of T 1 on ΔV nr , we chose suitable model systems comprising the donors ZnPc, CuPc, and their fluorinated derivatives. See Figure 1a for the molecular structures. These donors are coevaporated with C 60 as acceptor and used as absorber in OSCs. Fluorination increases E CT , while the minimum singlet (S 1 ) excitation energy E S1 remains relatively invariant. Employing Cu as a central metal atom is an elegant way to precisely obtain E T1 . Indeed, optical transitions from and to the triplet manifold of Pcs containing Cu are possible due to the fact that Cu has an unpaired 4s 1 electron in the standard electron configuration, mediating a spin flip. [24, 25] When comparing OSCs employing C 60 as acceptor and either ZnPc or CuPc as donor molecules, we notice for CuPc indeed an additional absorption feature at 1.13 eV, see Figure 1b . [26] This additional absorption appears at the same position in OSCs with fluorinated derivatives of CuPc. Moreover, we find for these OSCs electroluminescence (EL) peaks at similar photon energies, see Figures S2 and S3 in the Supporting Information. This additional absorption and emission is not visible in any of the ZnPc-based devices and has been directly linked to the enhanced coupling of T 1 to the ground state in CuPc, mediated by the unpaired 4s 1 electron. [24] [25] [26] [27] Therefore, we obtain E T1 = 1.13 eV from the crossing point of reduced EQE PV and EL spectra of F 4 CuPc and CuF 4 Pc, see Figure S3 in the Supporting Information. Since the wavefunction of T 1 of metal-Pc is mainly located on the organic ligand, the Pc, we expect that the E T1 values for ZnPc and its fluorinations are very similar to E T1 of the CuPc compounds. In order to shed some light on the nature of the low-energy electronic transitions and assess their energies and oscillator strengths, we performed highly correlated complete active space self-consistent field (CASSCF) calculations. These indicate that E S1 and E T1 vary only weakly with chemical structure across the series of compounds investigated (see Table S4 in the Supporting Information). Most importantly, the calculated oscillator strength of T 1 for Cu-based Pc's is 150-800 fold higher than that of the Zn-based molecules. More details of the calculations can be found in the Supporting Information. Results from Vincett and co-workers confirm the value of E T1 which we obtained, by directly observing phosphorescence of CuPc and ZnPc in solution at 77 K, with a peak energy of 1.16 and 1.13 eV, respectively. [27] Moreover, thin films of CuPc, measured at room temperature, showed photoluminescence at a peak position of E = 1.12-1.13 eV, further confirming the obtained E T1 in our thin films. [28] [29] [30] When fluorinating ZnPc or CuPc, the energy of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) shifts away from the vacuum level simultaneously, [31] resulting in a similar E S1 for all donor molecules, see Figure S1a in the Supporting Information. In the first type of fluorination (F 4 -metal-Pc), all four fluorine atoms are attached only to equivalent positions (1) or (4) of the outer benzene ring. In the second case, denoted metal-F 4 Pc, the four fluorine atoms can be attached randomly either to position (2) or (3) of the benzene ring, which is schematically sketched in Figure 1a . All these configurations of metal-F 4 Pc are chemically and energetically very similar and not distinguishable.
E CT of the OSCs is obtained from sensitive EQE PV and EL spectra as outlined earlier. [8] The values of E CT are listed in Table 1 , more details on the determination procedure can be found in Figure S2 in the Supporting Information. As shown in Figure 1b ,c, fluorination leads to shifted positions of the HOMO and LUMO of the donor molecules, resulting in an increased E CT . While T 1 is clearly the lowest energy state for the fluorinated Pcs, V OC still correlates with E CT rather than E T1, for both the Zn-and Cu-containing blends. We discuss this in more detail in the next paragraphs.
The bar diagram in Figure 2 summarizes the energetic situation and voltage losses for the six different OSCs. The height of each bar depicts E CT of the corresponding device. The V OC is reduced as compared to E CT due to fundamental radiative voltage losses (ΔV r , shown in light green), and parasitic nonradiative voltage losses (ΔV nr , shown in yellow). Radiative and nonradiative voltage losses are calculated from the sensitively measured EQE PV and EL spectra, following the method outlined in ref. [8] . Additional ΔV r caused by radiative decay of T 1 are obtained from the difference between the V r values calculated with and without considering the absorption of T 1 (highlighted in dark green). The optical gap (E opt ) of the device corresponds to the E S1 of the donor, being at ≈1.53 eV, since it is lower than that of C 60 .
Within each of the three pairs of donor molecules containing either Zn or Cu (nonfluorinated and two differently fluorinated metal-Pc's) E CT is very comparable. However, V OC is always significantly lower for devices containing Cu as compared to Zn. The E CT of CuPc:C 60 is about 0.04 eV smaller than that of ZnPc:C 60 , but the V OC for CuPc:C 60 is about 0.08 V lower because ΔV nr is increased by 0.05 V and ΔV r is slightly decreased. When fluorinating CuPc to F 4 CuPc, E CT increases and, as compared to CuPc, the voltage losses E CT /q − V OC Adv. Energy Mater. 2018, 1800451 Table 1 . Information on the OSC performance of the metal-Pc:C 60 series. a) The listed performance values correspond to a mismatch corrected illumination with simulated sunlight at an intensity of 1000 Wm −2 ; b) V r was calculated from the EQE PV and EL spectra, assuming the reciprocity relation between absorption and emission; [7, 8] c) E CT was obtained from Gaussian fit to the EQE PV and EL spectra following ref. [8] . If denoted with *, E CT was obtained from the crossing point between EQE PV and EL, for more information see Figure S2 increase drastically. Here, T 1 is the lowest energy level in the system and due to the substantial oscillator strength of the T 1 -to-ground-state transition, the total radiative recombination increases and consequently reduces the V OC . The radiative character of the additional recombination, introduced by T 1 , in the F 4 CuPc:C 60 device can be seen in the EL spectra in Figure S2 in the Supporting Information. In CuPc:C 60 the radiative recombination is instead mediated by the CT state. Indeed, for the F 4 ZnPc device, voltage losses E CT /q − V OC are 0.08 V smaller as compared to F 4 CuPc, which can be fully attributed to the absence of radiative losses through T 1 . In the OSCs containing ZnF 4 Pc and CuF 4 Pc, the voltage losses for the CuF 4 Pc-based device are even more pronounced and ΔV nr and ΔV r are both significantly higher as compared to ZnF 4 Pc.
When comparing the overall performance of the OSCs, it is immediately clear that, although the films absorb a similar amount of light (see Figure S1b in the Supporting Information), the j SC and FF for Cu containing OSCs are always lower than for the Zn containing ones, especially when E T1 < E CT (case of F 4 CuPc and CuF 4 Pc). This indicates an increased coupling of T 1 in the Cu containing compounds, harmful for charge generation and extraction. However, details of the charge generation and extraction processes in this series of compounds are beyond the scope of this paper.
To understand the possible impacts of T 1 on the voltage losses in more detail, we analyzed basic recombination rate equations, c.f. Figure S5 in the Supporting Information. In the case that E T1 is lower than E CT , we deduce three important cases (i) When T 1 states repopulate the CT state faster than decaying but its decay rate is higher than direct CT state decay, all excited states are in equilibrium and in the limit of T → 0 K, V OC approaches E T1 . (ii) When T 1 decays faster or similarly fast than T 1 dissociation into CT states, then T 1 states are not in equilibrium with CT states and free carriers, causing extra recombination losses via T 1 population and decay. In the limit of T → 0 K, V OC approaches E CT . (iii) When recombination via the CT state is faster than the population and decay of T 1 , the impact of T 1 is negligible. In the limit of T → 0 K, V OC approaches E CT .
Temperature dependent j-V curves performed at different light intensities allow us to determine which particular case applies to a certain device. From extrapolation of V OC to T → 0 K, V 0 is obtained and compared to E T1 and E CT . The experimental data is shown in Figure S4 in the Supporting Information and the values are listed in Table 1 for each device. For all OSCs where the splitting between T 1 and E CT is relatively small (ZnPc, CuPc) and for the donors F 4 ZnPc and ZnF 4 Pc, we find V 0 ≈ E CT , with V 0 being slightly (≈0.10 eV) lower than E CT . This indicates that even if T 1 is the lowest energy state, it does not affect V 0 when the coupling of T 1 to ground state is indeed small (case (ii) or (iii)). The slightly lower V 0 than E CT is due to the fact that E CT slightly decreases upon cooling as reported in ref. [8, 32] . However, for F 4 CuPc, we observe V 0 ≈ E T1 , located 0.25 eV below E CT . This indicates that T 1, the CT state, and the free charge carriers are in equilibrium and that the recombination to the ground state is mediated by T 1 (case (i)). For CuF 4 Pc, we find that V 0 ≈ E CT ≈ E opt . Here, recombination involves the S 1 state in this OSC and V 0 corresponds to E opt . For this configuration T 1 just adds recombination losses for T > 0 K (case (ii)).
In summary, we find that if T 1 is lower than E CT and if its coupling to the ground state is high, e.g., the case of F 4 CuPc, it significantly increases the total voltage losses ΔV OC (case (i)) as compared to the normal case, where the T 1 -ground-state coupling is much weaker (e.g., F 4 ZnPc). Only in the latter case V OC is expected to correlate with E CT independently from the exact position of the lower laying T 1 . However, it is still unclear if in this case, T 1 causes additional ΔV nr . Therefore, we investigate ΔV nr for a series of archetypical OSC materials including cases where E T1 is higher and lower than E CT .
For commonly used OSC materials the determination of E T1 is difficult due to the fact that optical transitions between T 1 and the ground state are forbidden. In the literature, several alternative approaches have been reported to obtain E T1 . Local T 1 states always have a lower energy than S 1 because of the exchange energy of the antibonding spin state, which is usually assumed not be larger than 1 eV. [19, [33] [34] [35] [36] One method to obtain E T1 is to circumvent the low electronic coupling of T 1 to the ground state by substituting heavy atoms and thereby enhancing the phosphorescence. E T1 is then assumed to be similar in energy as for the original molecule. [19] Another indirect way is to use a host-guest system, in which the quenching of the emission of a series of guest molecules can provide an estimation of the relative energetic position of T 1 . [19, 36] Alternatively, density functional theory calculations have been used to predict E T1 , but uncertainties of the absolute value are often rather large.
In Figure 3 , we compare ΔV nr for a large set of OSCs, distinguishing different relative alignments of T 1 and the CT state. The ΔV nr values were partly published in ref. [12] are reanalyzed for this paper. The investigated devices comprise vacuum deposited small molecules in planar and bulk heterojunction architecture [12, [37] [38] [39] and solution processed polymers. [8, 11, [40] [41] [42] We performed an intensive literature study to obtain the lowest energy E T1 of either donor or acceptor, via one of the methods described above, see Table S1 in the Supporting Information for details. [40, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] We compare E T1 to the E CT obtained from sensitive EQE PV spectra. [8, 12] OSCs where E T1 < E CT are represented by blue dots. Devices where E T1 > E CT are shown by red dots. As outlined above, the determination of E T1 has a significant uncertainty and, therefore, all OSCs where we find E T1 − E CT ≤ ±100 meV are represented by the grey dots.
In contrast to fluorescent OLED materials, where T 1 drives nonradiative recombination, [19, 20] we find that in general, low energy T 1 states do not necessarily affect ΔV nr in OSCs. The summarizing Figure 3 shows several devices around E CT = 1.5 eV which have similarly low ΔV nr independently whether E T1 is above or below E CT . Furthermore, for devices with the highest ΔV nr , T 1 is actually higher in energy than E CT . As previously reported, ΔV nr depends on the absolute value of E CT , rather than on the E T1 − E CT difference. The exception to this finding is the CuPc and fluorinated CuPc samples, discussed above, which are indicated with black diamonds in Figure 3 .
In conclusion, we find that only in the cases with enhanced coupling to the ground state, T 1 limits the V OC and drives most of the recombination. However, in the most common cases, using small organic molecules or polymers, we find that the energetic position of E T1 as compared to E CT is of secondary importance in determining ΔV nr and the overall V OC losses of OSCs. Studies aiming at understanding and reducing ΔV nr should instead focus on nonradiative CT state decay, even in the high voltage, low energy loss case where local triplet states are the lowest energy excited states.
Experimental Section
Device Preparation: The layers of the OSCs of the metal-phthalocyanine series were thermally evaporated at ultrahigh vacuum (base pressure < 10 −7 mbar) on a glass substrate with a prestructured indium tin oxide (ITO) contact (Thin Film Devices, USA). For an appropriate electron contact 15 nm of n-C 60 , doped with Cr 2 (hpp) 4 (Novaled GmbH, Germany) at 3 wt%, were deposited and followed by the active layer comprising 30 nm of donor molecule (zinc-phthalocyanine (ZnPc), CreaPhys GmbH, Germany) or copper-phthalocyanine (CuPc, abcr GmbH, Germany) or tetrafluoro-zinc-phthalocyanine (F 4 ZnPc, BASF, Germany) or tetrafluoro-copper-phthalocyanine (F 4 CuPc, synthesized by Dr. M. Lau) or tetrafluoro-zinc-phthalocyanine (ZnF 4 Pc or synthesized by Dr. B. Beyer) or tetrafluoro-copper-phthalocyanine (CuF 4 Pc, synthesized by Dr. B. Beyer) coevaporated with C 60 (CreaPhys GmbH, Germany) at a 1:1 weight ratio. Afterward, 5 nm of an intrinsic hole transport layer (HTL) (N,N′-diphenyl-N,N′-bis(9,9-dimethyl-fluoren-2-yl)-benzidine (BF-DPB), Synthon Chemicals GmbH, Germany) or BPAPF (9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene, Lumtec, Taiwan) and 40 nm of p-doped HTL (BF-DPB with 10 wt% NPD9 and BPAPF with 5 wt% NDP9; NDP9 is a p-dopant supplied by Novaled GmbH, Germany). The OSC was finished with 100 nm of Al. All the organic materials were purified 2-3 times by sublimation. The device was defined by the geometrical overlap of the bottom and the top contact and equaled 6.44 mm 2 . To avoid exposure to ambient conditions, the organic part of the device was covered by a small glass substrate which was glued on top. Temperature Dependent Current-Voltage Measurements: For temperature variation, the sample was mounted onto a temperature controlled copper block in vacuum, differences due to a temperature gradient in the substrate between temperature sensor (Type K thermocouple) and the active sample area were corrected by prior calibration. The systematic error for the temperature was estimated to be smaller than 5 K. The sample was illuminated by a white light LED. The V OC was measured with a source measure unit. It was interpolated from the two points of the current-voltage characteristic where the sign of the current density changed.
Sensitive EQE PV Measurements: The light of a quartz halogen lamp (50 W) was chopped at 140 Hz and coupled into a monochromator (Newport Cornerstone 260 1/4m, USA). The resulting monochromatic light was focused onto the OSC, its current at short-circuit conditions was fed to a current preamplifier before it was analyzed with a lock-in amplifier (Signal Recovery 7280 DSP, USA). The time constant of the lock-in amplifier was chosen to be 1 s and the amplification of the preamplifier was increased to resolve low photocurrents. The EQE PV was determined by dividing the photocurrent of the OSC by the flux of incoming photons, which was obtained with calibrated silicon (Si) and indium-gallium-arsenide (InGaAs) photodiode.
Electroluminescence measurements were obtained with an Andor SR393i-B spectrometer equipped with a cooled Si and cooled InGaAs detector array (DU420A-BR-DD and DU491A-1.7, UK). The spectral response of the setup was calibrated with a reference lamp (Oriel 63355). The emission spectrum of the OSCs was recorded at different injection currents, which correspond to applied voltages lower than or at least similar to the V OC of the device at 1 sun illumination.
Computational Details: The ground-state geometric structure of the donor compounds was optimized at the density functional theory level with the calculation's suite Gaussian 16. [59] The HSE06 exchangecorrelation functional was used, [60] as in a previous work.
[61] The 6-31G(d,p) basis set was employed for nonmetallic atoms, while a larger one was chosen for Cu and Zn, namely AUG-cc-pVTZ. The D 4h symmetry point group was imposed throughout the geometry optimization process. Then, CASSCF calculations were carried out on the optimized structures with the ORCA 4.0.1 suite. [62] A Def2-TZVPP basis set was used, along with the RIJCOSX approximation to speed up the calculations. An n-electron valence state perturbation theory (NEVPT2) approach, as implemented in the ORCA code, was introduced in order to correct the CASSCF energies for dynamic correlation effects. At last, spin-orbit coupling relativistic effects were added to refine the NEVPT2 transition energies and assess the associated oscillator strengths.
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